We investigated whether specular highlights facilitate the perception of shape from shading in a search paradigm and how highlights interact with shading to facilitate this perception. Our results indicated that stimuli containing highlights led to shorter searching time with the dependence on the light source direction (top lights make searching faster), suggesting that highlights indeed facilitate shape-from-shading processing. To examine how highlight processing interacts with shading processing, we tested unnatural stimuli for which the lighting directions for shading and highlights were inconsistent. The results indicated that unnatural highlights (bright spots) placed in a direction inconsistent with the shading either decrease or do not alter searching time. This suggests that highlights may facilitate, and not suppress, shading processing. With more physically plausible highlights generated from image-based lighting, we also observed facilitation with consistent highlights, but no change with inconsistent highlights. Finally, we examined whether highlights indeed work to facilitate depth perception in a discrimination task. The results showed that correct discrimination of depth increases when highlights are added to shading even when their lighting directions are inconsistent. These results indicate that specular highlights facilitate shading processing, and do not suppress it even when the highlights are placed in a direction inconsistent with shading. The results also elucidate the lighting constraints of the visual system.
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Introduction
Specular highlights have substantial effects on the perception of shape, depth, and surface appearance. For example, a smear of white on a shaded image, called ''pointillé'' in oil painting, greatly enhances the perceived reality of a shape in addition to improving its surface appearance. Psychophysical studies have reported that simple specular highlights facilitate the perception of curvature and shape (Norman, Todd, & Orban, 2004; Nefs, 2008) . Recently, Wijntjes et al. (2012) showed that the elimination of specular highlights from shading (matte and velvet surfaces) degrades the perception of shape. Controversially, other studies have reported that specular highlights do not facilitate the perception of the detailed structure of a three-dimensional (3D) shape. Instead, they claim that the perception of a detailed shape (surface normals) as measured by a ''needle probe'' depends on a bidirectional reflectance distribution function (BRDF) and lighting, but not on specular highlights and surface glossiness (Nefs, Koenderink, & Kappers, 2006; Khang, Koenderink, & Kappers, 2007) . However, these experiments used stimuli that included other cues, such as complex contours and textures, which may complicate cue integration and veil the interaction between highlights and shading. The present study focused on whether specular highlights facilitate shading processing, and if so, how highlights interact with shading to facilitate perception.
An image projected onto the retina is determined by lighting, surface reflectance, and object shape. Although the appearance of shading and highlights significantly differ, shading and highlights, the diffuse and specular components of a reflection, simultaneously exist in nature except for the extreme cases of matte and mirror. They share the same constraints of lighting and shape. Understanding how the visual system processes shading and highlights in shape perception and how it utilizes their coexistence under the same constraint would shed light on the mechanisms of integration, and further on the neural mechanisms that solve the ill-posed problem of the simultaneous estimation of lighting, reflectance, and shape.
Psychophysical studies using a search paradigm have shown a crucial constraint of lighting in shape from shading (e.g., Ramachandran, 1988; Aks & Enns, 1992; Kleffner & Ramachandran, 1992) . It was observed that targets pop out from distractors with a light-source direction that is the opposite of the target's. The time used for searching for targets is a function of light-source direction; that is, detection is fast with top-left lighting and slow with lateral lighting (Sun & Perona, 1998) . This dependence is considered evidence for the light-from-above constraint in shape from shading. Champion and Adams (2007) reported that the preference for overhead lighting was not modifiable by training, which is consistent with the involvement of the constraint in pre-attentive processing.
We investigated whether specular highlights facilitate shading processing in searching time, and if so, how highlights interact with shading to do so. We utilized the light-direction dependence of searching time as an indication of shading processing. The changes in searching time and light-direction dependence, for a combination of shading and highlights, would provide evidence for the integration process of the two cues. If we observe light-direction dependence when highlights are added to shading, this suggests that highlights work, as they facilitate shading processing. Alternatively, if the dependence disappears or weakens when highlights are added, this suggests that highlights are processed independently from shading. Our results showed light-direction dependence and less searching time, suggesting that highlights work, as they facilitate shading processing (Experiment 1).
To examine further how highlight processing works with shading processing, we tested unnatural stimuli for which lighting directions for shading and highlights were inconsistent (Experiment 2). With inconsistent lighting, the perceptual degree of glossiness appeared to decrease, and the highlights could appear as bright spots (a change in albedo). The results showed light-direction dependence without an increase in searching time, suggesting that inconsistent highlights do not suppress shading processing. The results further indicated that low-level differences in the stimuli, such as the location and contrast of bright spots, do not account for searching time. Additional experiments (Experiment 3) showed the same results for image-based highlights in which the shape of the light source is visible on an object. Finally, to ascertain whether the highlight has a facilitative function in the perception of depth, we conducted experiments with a depth-discrimination task using random surfaces (Experiment 4). The results showed that the correct response rate increases when highlights are added to shading, even if their lighting directions are inconsistent so that they do not fully contribute to the perception of glossiness. These results indicate that specular highlights have a facilitative function in the perception of depth, not a suppressive function, even when the light sources are inconsistent between highlights and shading.
Experiment 1
To examine whether specular highlights facilitate shading processing, we utilized a search paradigm (e.g., Ramachandran, 1988; Aks & Enns, 1992; Kleffner & Ramachandran, 1992) . The searching time and its light-direction dependence are expected to illustrate the characteristics of highlights. If we observe the light-direction dependence with less searching time when highlights are added to shading, it suggests that highlights work, as they facilitate shading processing.
Method

Stimuli
The stimuli were an array of 25 spheres generated by computer graphics (Open GL 2.1), as shown in Fig. 1(A) . The visual angle of each sphere was 1.0°. The spheres were placed on a 5 Â 5 grid with or without small random displacements of up to 0.37°in visual angle. Shading of spheres was rendered with a Phong model as they were illuminated by a single light source and ambient light. The strength of diffuse and ambient reflectance was set constant for all stimuli (GL_DIFFUSE = 0.5 and GL_AMBIENT = 0.25 for glMaterialfv). The magnitudes of lights (for glLightfv) were set to 1.0 for all stimuli). All spheres except one were identical in their direction of light source (distractors). The tilt of their light source was randomly chosen to be between À135°and +180°with an increment of 45 o , with respect to the top vertical in an anticlockwise direction (e.g., +90°, 0°, À90°for the left, top, and right, respectively), as shown in Fig. 1(B) . In the following sections, we often refer to tilt as the direction in lighting. The slant of the light source was fixed to 51°with respect to the direction of the camera (viewer). The light source was placed at a significant distance from the spheres, and the distance between the spheres and the light source was fixed. The rest of one sphere (a target) was illuminated from the opposite direction in tilt while the slant was identical to that of the distractors. The position of a target on the 5 Â 5 grid was randomly chosen. The intensity of shading ranged between 10.3 and 40.8 cd/m 2 , and that of the background was 0.1 cd/m 2 .
Specular highlights were given by controlling the specularity of the material in OpenGL (GL_SPECULAR and GL_SHININESS). We used three highlight conditions: strong, weak, and no highlights (GL_SPECULAR = 1.0, 0.5, and 0, respectively; GL_SHININESS = 128.0 for all cases). The maximum intensities of the strong and weak highlights were 55.6 and 54.9 cd/m 2 , respectively. The range of intensity for the weak highlights fell into the range of the display, but part of that for strong highlights was saturated. Fig. 1(C) shows examples of the highlights. The stimuli were presented on a CRT display (EIZO, T799) that was placed 0.9 m in front of the participants. Masks presented between the stimuli consisted of small squares with an intensity randomly chosen from 0.1 to 25.5 cd/m 2 .
Procedures and participants
The experiments were conducted in a dark room without any light except the display. A mask was presented for 2000 ms. A fixation aid, a small red square at the center of the display, was superimposed on the mask for the first 1500 ms and removed for the remaining 500 ms. A stimulus of 5 Â 5 spheres was presented following the mask. A target (with the light from the opposite direction in tilt) was presented within a stimulus for 90% of the times but not presented (all distractors) for 10%. Participants were asked to judge as soon as possible whether a target existed in the stimuli and to indicate their choice by clicking a mouse button. The elapsed time from the stimulus onset to the mouse click was measured as reaction time. The next mask was presented, when the button was pushed or 3000 ms had passed after the stimulus onset.
A total of 720 stimuli were presented to each participant. We recorded the responses from 660 stimuli (8 lighting directions and 25 target positions (600 stimuli with a target), and 60 no-target stimuli) and we discarded the first 60 responses that were shown at the beginning of the experiment, and when the highlight conditions changed. The participants repeated 60 trials for each of the highlight conditions (strong, weak, and no highlight), for a total of 180 trials in a row (one set). They completed four sets with a break in between. The order of the highlight conditions, location of targets, and direction of the light source were randomized. All participants showed almost perfect judgment responses on the appearance of targets.
Six males and four females volunteered to participate in the experiment. All participants were aged in their 20 s and had normal or corrected-to-normal vision. They were familiar with psychophysical experiments, but did not know the aim of the experiment. The experiments in the present studies were approved by the ethics committee of the institute and performed in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Informed consent was obtained from the participants.
Results
We measured the reaction time when searching for a target among distractors, to examine whether the addition of a specular highlight to shading decreases searching time. Fig. 2 shows the mean searching time for all subjects as a function of the lighting direction (tilt). The results for individuals are shown in Supplement 1. The reaction time for the shading condition shows a ''V'' shape; that is, searching is fastest with top-left lighting, and slowest with lateral lighting. This reproduces the preference for top-left lighting reported by Sun and Perona (1998) . The reaction times for the strong-highlight condition appear to be the shortest, followed by those for the weak-highlight condition. A three-way ANOVA showed significance for differences in highlight conditions (p < 0.01), lighting directions (p < 0.01), and participants (p < 0.01), but not for the interaction between highlights and lighting directions (p = 0.80), indicating the facilitation by the highlights and dependence on lighting direction. Fig. 2 . The mean reaction time as a function of lighting direction (tilt) for the three highlight conditions. Solid (red), short-dashed (green), and long-dashed (blue) lines indicate no, weak, and strong highlight conditions, respectively. The reaction times for stimuli with highlights were shorter than those without highlights (shading only). The error bars indicate the standard error among participants. The abscissa is the light-source direction of the distractors. We chose this because the reaction time for top-light distractors (bottom-light for a target) is faster than the others (Kawabe & Miura, 2004; Chacón, 2004) .
To examine the magnitude of facilitation, we plotted the magnitude (i.e., the difference in reaction times between shading and strong-highlight conditions) for each lighting direction in Fig. 3 . The lighting direction was not a significant factor of the magnitude (one-way ANOVA, p = 0.79). The mean differences in reaction times between shading and highlight conditions were 95 ms and 70 ms for strong and weak highlights, respectively, and these were significant (pairwise t-test, p < 0.01 for both highlight conditions). The magnitude of facilitation between strong and weak highlights was also significant (p = 0.016). These results indicate that the magnitude of facilitation is constant over lighting directions and that the dependence of searching time on lighting direction is maintained when facilitated by highlights. These results suggest that highlighting works to facilitate shading processing in terms of reaction time.
Discussion
The dependence of facilitation on specularity (strong or weak highlights) appears to be convincing evidence for the facilitation by specular highlights. The intensity range of the strong highlights condition exceeded the dynamic range of the monitor, so that the maximum luminance of the strong and weak highlights was similar (55.6 and 54.9 cd/m 2 , respectively). However, the appearance of the stimuli in the strong and weak highlight conditions was clearly distinguishable because of the spatial extent of the bright region.
The sole highlight component of stimuli, excluding the shading component, could be a cue for searching; however, as the next experiment showed, the highlight-only condition did not evoke pop-out, with the searching time being twice that of the shading condition. Therefore, the shortened reaction time in the highlight conditions cannot be accounted for by the spatial polarity of the highlights (e.g., either the top or bottom of a sphere). We also performed the experiment with contrast-reversed highlights, in which highlight components were darkened rather than brightened. The stimuli with the dark highlights did not evoke significant facilitation (pairwise t-test, p = 0.06; see Supplement 2). These results support the view that the combination of shading and highlighting accounts for the facilitation. We discuss this issue further in the next section.
With the classical stimuli with a linear gradient of luminance (e.g., Ramachandran, 1988) , targets and distractors appear to be either convex or concave, depending on the direction of the gradient that corresponds to the direction of lighting. The perception from more physically plausible stimuli sometimes deviates from such a simple convex/concave appearance. Although a target in the stimuli shown in Fig. 1 (Phong shading) may appear concave, that in Fig. 6 (image-based highlight with a Ward model) for some participants may not. This is natural because we changed the lighting direction of the target but not the shape, so that the appearance of the target is different from that of a concave surface (the inside of a sphere). This difference tends to increase as the physical plausibility of a stimulus increases. Our stimuli, with Phong shading (Fig. 1 ) and a Ward model with image-based highlight (Fig. 7) , were more physically plausible than the classical stimuli with a linear gradient. In this sense, our experiments may be distinct from the classical experiments that discussed shape from shading. Because we asked participants to detect a target, it is uncertain exactly what cue evoked detection in the visual system: the cue could be depth, shape, lighting direction or some other image features. We would like to note, however, that all participants reported their introspection that the apparent depth of a target was distinct from that of distractors, and that the reaction time showed the dependence on lighting direction (search asymmetry), which is persuasive evidence of shading processing. Therefore, we consider that detection was based on the shading processing that contributes to the perception of depth and shape. A further investigation is expected of which changes in perception (depth, shape or surface property) are relevant to the difference in reaction time.
Experiment 2
Experiment 2 investigated how highlights facilitate shading processing in reaction time. Specifically, we examined how they interact with each other in unnatural environments where shading and highlights conflict with each other. We tested artificial stimuli for which the lighting directions for shading and highlights were inconsistent. To generate the stimuli, we independently controlled light sources for shading and highlighting. For instance, we placed a virtual light source for shading at the top and one for highlights at the bottom, generating highlights inconsistent with the shading (inconsistent condition). We also tested stimuli with highlights, but without shading, as a reference. When we turned off the light source for shading, highlights were generated without shading (highlight-only condition). Note that the unnatural placement of highlights, and the removal of shading, appeared to decrease the degree of perceptual glossiness. In such a case, a ''highlight'' may be better described as a ''bright spot''. However, for the sake of consistency and simplicity we do not distinguish between these two terms. Furthermore, to counter the possibility that the existence of highlights could facilitate perception, we tested artificial highlights with their locations orthogonal to the shading gradient and identical between a target and distractors (orthogonal condition). We also tested the orthogonal highlights with their locations opposite between a target and distractors (orthogonal-opposite condition) in order to counter the possibility that the difference in location of highlights between a target and distractors could facilitate perception. The searching time for these conditions would provide evidence for the integration process of highlights and shading.
Method
The stimuli were identical to those in Experiment 1 except for the lighting in OpenGL. The direction of the light source for the inconsistent highlight was set opposite to that for shading in tilt, while it was identical in slant. In this case, the lighting direction for the stimulus was defined as that of shading (the opposite of the highlight). For the highlight-only condition, the degree of diffuse reflectance (GL_DIFFUSE) was set at zero so that no shading appeared on the sphere. The degree of ambient reflectance was increased to GL_AMBIENT = 0.5 so that the mean luminance was equal to that of the other types of stimuli. In this case, the direction Fig. 3 . The magnitude of facilitation (i.e., the difference in reaction times between the no-highlight and strong-highlight conditions) as a function of the lighting direction (tilt). The error bars indicate the standard error among participants. The lighting direction was not a significant factor of the magnitude.
of lighting for the stimulus was defined as that of the highlights. For the stimuli with spatially fixed highlights (orthogonal condition), the direction of the light source for highlights was randomly chosen from those orthogonal to the shading gradient. For each stimulus, this direction was kept identical among all spheres so that the highlight appeared in the same location throughout the spheres. The stimuli for the orthogonal-opposite condition were generated in a similar way, except for the direction of highlights for a target. The light source for the highlights of a target was placed in the opposite direction to that of the rest of the spheres (distractors). The material specularity for all highlight conditions was identical to that for the strong highlight condition in Experiment 1. Note that the unnatural placement of highlights, and the removal of shading, may decrease the degree of perceptual glossiness. In such a case, a ''highlight'' may be better described as a ''bright spot''. However, we do not distinguish these two terms in this paper for the sake of consistency and simplicity. Procedures were also identical to those of Experiment 1 except for the total number of stimuli presented, because the number of conditions was increased. Six participants completed the experiment. Two of them had not participated in the previous experiment, but they shared the same conditions as Experiment 1.
Results
We measured the participants' reaction times for searching for a target among distractors, as in Experiment 1. Fig. 4 shows the mean searching time for all participants as a function of the lighting direction (tilt). The reaction time for the highlight-only condition was in the range of 1.3 to 1.7 s, about twice as long as that for the shading condition. This reaction time does not show dependence on the lighting direction (one-way ANOVA, p = 0.16). Together with participants' introspection, it appears that the highlight-only condition did not evoke a pre-attentive pop-out. The result indicates that, by itself, the highlight (a bright spot without shading) yields a perception distinct from that from shading. The difference in the location of highlights between a target and distractors appears to work as a low-level feature of the image, but it does not evoke a pre-attentive pop-out. This result indicates nonlinearity in the cue integration of shading and highlights, similar to the findings of Bülthoff (1991) .
The mean searching time for the inconsistent condition shows a dependence on the lighting direction with the shortest reaction time for the top-left light, similar to the cases of the shading and highlight conditions in Experiment 1. The reaction times for the inconsistent condition appear shorter than those for the shading condition and similar to those for the consistent (strong) highlight condition. The reaction times for the orthogonal and orthogonal-opposite highlight conditions appear similar to those for the shading condition. A three-way ANOVA showed significant differences among the highlight conditions (shading, consistent, inconsistent, orthogonal and orthogonal-opposite highlights; p < 0.01), lighting directions (p < 0.01), and participants (p < 0.01). These results suggest shorter reaction times for consistent and inconsistent highlights and their dependence on the lighting direction, as described in greater detail below.
The mean differences in reaction times for consistent and inconsistent highlight conditions with respect to shading were 46 ms and 44 ms, respectively, and they were significant (pairwise t-test, p < 0.01 for both highlights). The difference between the consistent and inconsistent highlights was not significant (p = 0.85). These results show that the inconsistent highlights facilitate shading processing to an extent similar to the consistent highlights. The mean difference between the shading and orthogonal highlight conditions was 6 ms, which was not significant (p = 0.63). This result shows that the existence of a bright region (highlight) does not account for the facilitation. The mean difference between the shading and orthogonal-opposite conditions was 9 ms, which was not significant (p = 0.45). The orthogonal-opposite highlights did not alter perception in comparison with shading. The highlights in the directions parallel to the shading gradient evoked facilitation (consistent and inconsistent conditions), but those orthogonal to the shading did not (orthogonal-opposite conditions). We consider this dependence on the direction of highlights with respect to shading to be evidence of highlight processing, as discussed in detail in the next subsection. We may also consider the orthogonal-opposite condition to be highlights in directions inconsistent with shading (orthogonal to the shading). Therefore, the results are interpreted to mean that unnatural highlights placed in a direction inconsistent with shading decrease or do not alter searching time depending on the spatial organization of the highlights. This suggests that the inconsistent highlights may facilitate shading processing and do not suppress it.
Discussion
Similar reaction times for the consistent and inconsistent conditions may raise the question of whether low-level differences in images between a target and a distractor underlie the perception. Our results showed the dependence of reaction time on the direction of highlights (bright spots) with respect to the shading gradient; the highlights in the directions parallel to the shading gradient evoked facilitation (the consistent and inconsistent conditions), but those orthogonal to the shading did not (the orthogonal and orthogonal-opposite conditions). As described in Section 2, in the shading condition the dependence of reaction time on the direction of shading has been considered to be evidence of shading processing (e.g., Ramachandran, 1988; Aks & Enns, 1992; Kleffner & Ramachandran, 1992) . Similarly, we consider the dependence on the direction of highlights with respect to shading to be evidence of highlight processing. If the facilitation originated from the low-level features, which were the differences in the location of highlights, dependence on the direction of highlights should not Fig. 4 . The mean reaction time for inconsistent, orthogonal, orthogonal-opposite and highlight-only conditions as a function of lighting direction. The inconsistent highlights showed facilitation, while the orthogonal highlights did not alter the reaction time, indicating that an addition of highlights may evoke facilitation but not suppression. The conventions are identical to those in Fig. 2 . be observed. Low-level differences in the images cannot account for this dependence on the direction of highlights. Furthermore, we examined quantitatively whether the reaction time depends on the difference in luminance between a target and a distractor. The consistent and inconsistent conditions showed the greatest and least absolute magnitudes of the differences in luminance among the five conditions, respectively, while both conditions showed the shortest reaction times among the five. The difference in luminance between a target and a distractor cannot account for the reaction time.
The luminance contrast varied with the addition of highlights and their directions with respect to shading. Because the contrast could affect the reaction time in searching, we examined whether the reaction time decreases as the contrast increases. The Michelson contrast of highlights with respect to the background outside the sphere (background contrast) and that with respect to the immediate surround within the sphere (immediate contrast) are shown in Table 1 (the second and third columns). The immediate surround was defined by the immediate-outside pixels of the circle whose center and radius were given by the brightest point and the most prominent point of inflection around the highlight, respectively. Because the background was black (0) and the highlight was white (1), the background contrast for all stimulus types with highlights was one. The immediate contrast varied depending on the location of highlights with respect to shading. Although the strong highlight condition had the smallest contrast (0.14) and the inconsistent highlight had the largest contrast (0.47), these conditions share the shortest reaction time (44-46 ms shorter than for shading). The immediate contrast of the highlight-only condition and that of the strong highlight condition was the same (0.14), but the reaction time differed by 768 ms. These results indicate that the facilitation in reaction time was independent of the luminance contrast of the highlights.
An addition of naturalistic highlights (in the highlight condition) evokes the perception of glossiness. With unnatural highlights (in the inconsistent, orthogonal, and orthogonal-opposite conditions), a surface might appear glossy but the bright region could instead appear as a change in albedo on a matte surface.
To examine the appearance of the stimuli, whether they appeared glossy or matte, we performed an additional experiment with the same stimuli and procedure except for the instruction, as per the details shown in Supplement 3. We presented all types of stimuli, one at a time in a random order with repetitions, and asked participants to judge whether the stimuli appeared glossy or matte in a two-alternative forced choice paradigm. The participants perceived glossy surfaces in the strong highlight, inconsistent, and orthogonal conditions. Although these stimuli sometimes may not appear specular on a print, or for a long duration, they appeared specular under the conditions of the experiment for the participants. It should be noted that the result of this experiment does not show the degree of perceptual glossiness; rather, it shows the subjective two-alternative judgment of either gloss or matte. It is natural to expect that the participants perceived distinct degrees of glossiness depending on the highlight conditions. Investigation into the relation between the reaction time and the degree of glossiness may further advance the understanding of highlight processing.
Although some psychophysical studies have reported that the perception of glossiness might depend on the skewness of a luminance histogram (e.g., Motoyoshi et al., 2007) , recent studies have reported the contrary evidence (e.g., Anderson & Kim, 2009; Marlow, Kim, & Anderson, 2011) . To examine whether the skewness accounts for the facilitation in the present highlight conditions, we plotted luminance histograms (Fig. 5) and computed their skewness. The histogram of the consistent highlight condition has a longer tail than that of the shading condition, as expected, but this is not true for the inconsistent highlight condition. The skewness values of the shading, consistent, and inconsistent highlight conditions were 3.64, 5.22, and 3.15, respectively. The stimuli of consistent and inconsistent highlights evoked similar reaction times that were shorter than for the stimulus of shading, as described in the previous subsection. These results indicate that Table 1 The luminance contrast of highlights for all highlight conditions used in Experiment 2. The second and third columns show the Michelson contrast of highlights with respect to background and immediate surround, respectively (see the main text for details). The reaction time was independent of contrast. luminance skewness does not account for the facilitation in searching time.
Note that our focus on inconsistent and orthogonal-opposite conditions is to test the highlights as a low-level feature of images, with our aim being to understand the integration of highlights with shading processing. Our results showed that when a bright region was placed consistently with shading, the addition of the bright region facilitated detection in reaction time. The inconsistent stimuli could distract/slow the perception, but surprisingly, they did not suppress detection. The result indicates the robustness of shading processing in the integration of highlight processing. Specifically, the visual system is robust to the location of highlight with respect to shading. A bright region at the correct location appears to facilitate shading processing, but that at an incorrect location does not suppress the shading processing. This may be natural from an ecological viewpoint because the visual system may not be capable of computing the exact locations of highlights under natural illumination. As discussed in the previous section, we asked participants to detect a target. Therefore, it is unclear what was changed perceptually by the difference in the location of a bright region. A further study to link the detection and the perception of shape, depth, surface appearance and other features would help us understand the neural mechanisms underlying the facilitation.
Experiment 3
We examined whether more physically plausible highlights, specifically image-based highlights, facilitate reaction time in the same manner as those under the simple highlights used in the previous experiments. As described in the previous sections, the addition of simple highlights to shading facilitated the search, and this result held even when the lighting directions of the shading and highlights were inconsistent. However, the highlights generated by a Phong model were considered simple, and the perception of shape may be degraded compared to the case of realistic highlights in which the shape of the light source is visible on an object (Adelson, 2008) . In this section, we examined whether facilitation in the search is valid for image-based highlights. This experiment may also provide the basis for a discussion on the consistency of lighting directions between shading and highlights, because the realistic highlights may lower ambiguity in the direction of lighting. 
Method
The stimuli were identical to those in Experiment 1, except for the generation of shading and highlights. We used a single light-source for shading identical to that described in the previous sections, but with a more physically plausible rendering method (Ward model in RADIANCE (Ward, 1994) ). The luminance of the shading ranged between 10.3 and 44.8 cd/m 2 (specularity = 0 and roughness = 0 for plastic in RADIANCE). To generate more physically plausible highlights than those used in the previous sections, we used the image-based highlights in which the spatial extent (shape) of a highlight was visible. Specifically, we took digital photos of a spherical mirror (environmental photos) and combined them with the sphere rendered with RADIANCE. We took digital photos of a mirror sphere under a variety of real lightings. The circular region of the photo corresponding to the mirror sphere was trimmed and binarized at a threshold. The bright regions were whitened and the rest of the region within the sphere was blackened. The direction of the light source for these highlights was defined as the direction of the center of gravity of the highlight region. Examples of the highlights are shown in Fig. 6 (A). Among tens of environmental photos, we chose 10 highlights by visual inspection to ensure variety. Examples of the spheres are shown in Fig. 6 (B). Note that the background was set to the mid-gray that is the mean luminance of the stimuli (35.0 cd/m 2 ). We also tested this with a black background and compared the results. The results of the two cases were identical in a statistical analysis (data shown in Supplement 4). We also tested more physically-plausible stimuli, in which both shading and highlights were rendered based on the environmental photos (Image Based Lighting (IBL) in RADIANCE). In this case, the reflectance properties were controlled (specularity = 0 and 1.0 for shading and highlight, respectively, in RADIANCE) to generate the four conditions (highlight only, shading, inconsistent highlight, and highlight). The result of the statistical analysis was identical to that presented in this section. In the present experiment, we chose not to use IBL in order to ensure identical shading among the stimuli. The shading from IBL depended on the environmental photo. The experimental procedures were identical to those used in Experiment 1 except for the total number of stimuli presented, because the number of conditions was different. Six participants completed the experiment. They had not participated in the previous experiments, but they shared the same conditions as Experiment 1.
Results
We measured the searching time for stimuli with image-based highlights. Fig. 7 shows the mean reaction time for all participants. The results for the shading and inconsistent highlight conditions appear similar, and the searching times are longer than those for the highlight condition. A three-way ANOVA showed significant differences for highlight conditions (shading, highlight, and inconsistent highlight), lighting direction, and participants (p < 0.01 for all three factors). This result suggests a shorter reaction time for the highlight condition, and its dependence on the lighting direction. The interactions were also significant (p < 0.01 for all three interactions), indicating the dependence of facilitation on lighting direction.
The mean difference in reaction time between shading and highlight was 72 ms, which is significant (pairwise t-test, p < 0.01). This result indicates that the image-based highlights facilitate shading processing, which is consistent with the results of the simple highlights described in the previous sections. The mean difference in reaction time between shading and inconsistent highlight was 8 ms, which is insignificant (p = 0.35). This result indicates that inconsistent highlights did not alter perceptions in comparison with shading, which differs from the results with the simple highlights in the previous section. These results indicate that the stimuli with image-based highlights evoked facilitation, but the stimuli with the light sources that were inconsistent between shading and highlights did not alter the perception. This suggests that image-based highlights may facilitate shading processing, depending on the spatial organization of highlights, and they do not suppress perception.
Discussion
Facilitation by ordinary highlights was observed in both simple and image-based highlights; however, facilitation by the highlights inconsistent with shading was observed only with simple highlights. It is possible that image-based highlights are more effective for estimating lighting direction, so that contradiction in lighting directions between shading and highlights prevents facilitation. Realistic highlights are considered to evoke better perception of shape (Adelson, 2008) . Our data showed that the mean searching time for the highlight-only condition ranged between 1.05 and 1.2 s, which was about 40% to 70% shorter than that for the simple highlights used in Experiment 2. This result is consistent with the notion of the better perception of shape with realistic highlights (Adelson, 2008) .
The reaction time for solely image-based highlights was 30% to 100% longer than that for shading, but the range of 1.05-1.2 s suggests that only highlights may evoke a pre-attentive pop-out, in contrast with the previous sections. The reaction time shows a flattened ''V'' shape, somewhat similar to that in the shading condition, with significant dependence on the lighting direction (one-way ANOVA, p < 0.01). This result suggests that the pattern of realistic highlights evokes shape perception similar to shading in quality, but with more processing time. It should be noted that the longer reaction time for the highlight-only condition compared with the shading condition (pairwise t-test, p < 0.01) and the facilitation by the addition of highlights suggest the nonlinearity of the cue integration, as reported in the previous sections.
It may be questioned whether the stimuli with inconsistent highlights appeared glossy. In other words, shading could be perceived as a change in albedo with dark at the top and bright at the bottom, or vice versa. The reaction times for the inconsistent condition show the dependence of reaction time on lighting direction to be similar to that in the shading and highlight conditions. This dependency is considered to be evidence that participants perceived the luminance gradient as shading. If the participants did not perceive shading, and low-level features of the images such as the difference in location of bright regions evoked detection, the reaction times should be independent of the direction of lighting and greater than those in the shading condition.
To examine the appearance of the stimuli whether they appeared glossy or matte we performed an additional experiment with the same methods as in the previous section (see Supplement 3 for details). The results indicated that the participants perceived glossy surfaces with the highlight, inconsistent highlight, and highlight-only conditions. As noted in Section 3.2, the result of this supplemental experiment does not show the degree of perceptual glossiness; rather, it shows the subjective two-alternative judgment of either gloss or matte. Investigation into the relation between the reaction time and the degree of glossiness is expected to further advance the understanding of highlight processing. The addition of highlights altered the luminance contrast, as discussed in Experiment 2. We examined whether the reaction time decreases as the contrast increases using the same methods as in the previous section. The results indicated that the reaction time was independent of the luminance contrast, as shown in Table 2 .
Experiment 4
The experiments thus far have shown facilitation of reaction time caused by the addition of highlights to shading. Although the paradigm used has been thought to be the processing of shape-from-shading, it is not clear what caused the facilitation of reaction time. To examine whether the highlights have a facilitative function in the discrimination of depth, we conducted experiments with a depth discrimination task. We used random surfaces to achieve appropriate incongruence between shading and highlight, similar to Phillips et al. (1997) and others (Norman, Todd, & Orban, 2004; Marlow, Kim, & Anderson, 2011) . If the correct response rate increases when highlights are added to shading, this indicates that highlights work, as they facilitate the perception of depth. If the correct response rate does not decrease even when the lighting directions are inconsistent, this further suggests that highlights do not work, as they suppress perception, consistent with the results of the searching experiments.
Method
Stimuli
Random surfaces were generated from a Uniform-B-Spline surface with 8 Â 8 knot vectors using OpenGL (gluNurbsSurface). The depth of the knots was randomized but limited so that neither shadow nor self-occlusion appeared. We generated 50 types of randomized terrain. The properties of lighting and surface were identical to those in Experiment 2 except for the limitations on the lighting directions. The lighting direction for shading was fixed to top-left (tilt = +45°; slant = 51°) and that for highlights was limited to top-left (tilt = +45°; slant = 51°), top-right (tilt = À45°; slant = 51°), bottom-left (tilt = 135°; slant = 51°), bottom-right (tilt = À135°; slant = 51°), and the viewer's direction (slant = 0°). As described in Experiment 2, we used two independent light sources, one for shading and the other for highlighting. When the lighting direction for highlighting was top-left, rendered shading and highlights were consistent and considered natural in terms of lighting directions. For the other cases, shading and highlights were inconsistent and unnatural. Examples of the stimuli are shown in Fig. 8 . The luminance of the stimuli ranged between 10.3 and 55.6 cd/m 2 . Stimuli were placed 110 cm in front of the participants so as to ensure 5 Â 5°in the visual angle. The spatial frequency of the surface bumpiness was limited to 0.7 cycles/degree and below.
Procedure and participants
The experiments were conducted in a dark room without any light except the monitor. A blank screen was presented for 500 ms, followed by a random-surface stimulus on which two yellow dots (target) and one red dot were placed (0.1°Â 0.1°in visual angle, 45 cd/m 2 ). The initial locations of the yellow and red dots were randomly chosen from the locations of 8 Â 8 knots without an overlap. Participants were asked to compare the depth of the two locations where yellow dots indicated. They were asked to report which location appeared nearer to them in comparison with the other location, by moving the red dot to the yellow dot on the nearer location using arrow keys (two in horizontal directions and two in vertical directions). When a specified key (distinct from the arrows) was pressed, the location of the red dot overlapped on a yellow dot was recorded. Then, the next mask was presented.
Each participant was presented with 660 stimuli. We recorded the responses from 600 stimuli (six lighting conditions) and discarded the other 60 responses that were shown at the beginning of the experiment, and when the lighting conditions changed. The participants completed 50 trials for each lighting condition, resulting in 330 trials in a row (one set). The participants completed two sets with a break in between. The order of the lighting condition and surface terrain were randomized. Because yellow dots were randomly placed anywhere on a terrain, the result reflected the perception of depth for overall terrains. Nine Table 2 The luminance contrast of highlights for all highlight conditions used in Experiment 3. The conventions are the same as those in Table 1 . The reaction time was independent of contrast. participants (six males and three females) participated in the experiment. They had not participated in the previous experiments, but they shared the same conditions as Experiment 1.
Results
We measured the correct response rate in the discrimination of depth to examine whether highlights facilitate the perception of depth from shading. Fig. 9 shows the mean correct response rate among all participants for the six lighting conditions. The stimuli with no highlights (shading condition) yielded a 55% correct response rate, indicating the participants' difficulty in perceiving depth in the shading stimuli. The addition of highlights increased the correct response rates for all highlight conditions. Pairwise t-tests between the shading condition and each of the highlight conditions showed significant differences (p < 0.02). This result showed the facilitation of depth discrimination caused by the addition of highlights. Note that the facilitation was observed for all inconsistent directions of light in the depth discrimination, while in searching, facilitation was observed only in the opposite direction (Experiment 2). The present experiment showed facilitation by highlights in depth discrimination even when their lighting directions are inconsistent with those of the shading.
Discussion
The present results showed facilitation by highlights in depth discrimination even when their lighting directions deviated from those of the shading. The results of the discrimination and the search agree, in that the inconsistent lighting directions facilitate, and do not suppress perception. However, in Experiment 2, facilitation was limited to the opposite direction of lighting (inconsistent condition). The lighting from the lateral directions (orthogonal-opposite condition) did not affect searching time. The result of the discrimination showed similar correct rates among the bottom-left, top-right (the orthogonal lightings with respect to the lighting for shading), and bottom-right conditions (the opposite lighting). This deviation might be originated from a difference in complexity of shape; a sphere and a random terrain, and might be related to a difference in the appearance of surfaces. Further investigation is required to understand the cause of the divergence. The result of this experiment shows direct evidence for the facilitation of depth perception by the addition of highlights to shading. This result supports that the facilitation of reaction time in searching was relevant to the perception of depth.
General discussion
We investigated whether specular highlights facilitate the perception of shape from shading in a searching paradigm and how highlights interact with shading to facilitate perception. Our results indicated that stimuli containing highlights led to shorter searching time with the dependence on light-source direction, suggesting that highlights work to facilitate shading processing. To examine how highlight processing interacts with shading processing, we tested unnatural stimuli whose lighting directions for shading and highlights are inconsistent. The results indicated that unnatural highlights placed in a direction inconsistent with shading decrease or do not alter searching time, suggesting that they may facilitate, but do not suppress shading processing. With the image-based highlights, we observed facilitation with consistent lighting but no change with inconsistent highlights. Finally, we examined whether highlights facilitate, but do not suppress, the perception of depth in a discrimination paradigm. The results showed that the correct discrimination rate increases when highlights are added to shading, indicating facilitation in the perception of depth. The results showed the facilitation even when their lighting directions were inconsistent. These results indicate that specular highlights work to facilitate shading processing and do not suppress it, even if highlights are placed in a direction inconsistent with shading. Bülthoff (1991) reported that shading and addition of highlights lead to under-and overestimation of depth, respectively, in comparison with stereo-defined depth. Yet, because the data in that study showed accuracy in depth perception, a direct comparison with our experiment may be inappropriate. However, our results for searching and discrimination appear to be consistent with Bülthoff's report in terms of the facilitation of perception in that the addition of highlights led to a shorter reaction time and a higher correct rate compared with those from shading. Further, Büelthoff reported that the addition of texture to shading has a facilitative function. Even random textures show this facilitation (Sakai, Narushima, & Aoki, 2006) . It would be interesting to examine further the integration of highlights with other cues.
Some psychophysical studies have reported that specular highlights do not facilitate the perception of detailed structure of a 3D shape. The perception of detailed shapes (surface normals) that was measured by a needle probe depended on the bidirectional reflectance distribution function (BRDF) and lighting, but not on specular highlights and surface glossiness (Khang, Koenderink, & Kappers, 2007; Nefs, Koenderink, & Kappers, 2006) . This deviation may naturally come from the difference in measurement: the detection of local surface orientation and the pop-out. It may also be possible, at least in part, that different levels of cortical processing are responsible, that is, a pre-attentive level (early-to-intermediate cortical levels) for pop-out, and a conscious, associative level (higher cortical level) for needle probe measurement.
It would be interesting to consider how the constraint on light source works in the inconsistent condition. The visual system appears to use a ''unique light-source'' constraint for shape from shading that is considered to have priority over the top-light constraint (Kleffner & Ramachandran, 1992) . Because the inconsistent highlight condition does not have a unique light source, it would be interesting to consider whether the unique light-source constraint holds between shading and highlights. If the perception were suppressed, this would suggest that the visual system assumed a common light source for the shading and highlight, so that two cues would indicate contradictory shapes. On the other hand, if the perception were facilitated, this would suggest an assumption of distinct light sources for shading and highlights so that the two cues would indicate a consistent shape. Our results showed facilitation of perception, thereby supporting the latter case. However, facilitation by inconsistent highlights was not observed for the imaged-based highlights. It is possible that highlight processing is rather insensitive to the direction of the light source, compared with shape from shading, unless the shape of highlights is visible so that the lighting direction is apparent. This idea appears plausible because the exact location of highlights is not crucial in depth discrimination, as shown in Experiment 4. This idea is consistent with our experience of placing a pointillé on a picture. A painter may place white paint without precision, but it often yields vivid depth. Recent computational studies have provided some insightful evidence for the computation of depth with regard to the robustness in lighting directions. Kunsberg and Zucker (2013) have suggested that the shape-from-shading problem could be computed from the second derivatives of brightness that are independent of lighting direction. Chen, Goesele, and Seidel (2006) have also reported that the mesostructure of a surface could be computed from a dense specularity field without other information. It would be interesting to investigate whether these computations are relevant to the cortical processing.
Recent psychophysical and physiological studies have extensively investigated the perception of glossiness (e.g., Nishio, Goda, & Komatsu, 2012) . It is interesting to consider how the perception of glossiness relates to that of depth. Although the skew of luminance histogram has been considered a good measure for the perception of surface glossiness (Motoyoshi et al., 2007) , this skewness does not account for facilitation, as reported in Experiment 2. Marlow, Kim, and Anderson's (2011) psychophysical study reported that spatial congruence between shading and highlights is crucial for the perception of glossiness. Our stimuli with highlights for which the lighting was consistent with shading are considered congruent, and those with inconsistent highlights are not. Our results showed that consistent highlights facilitated perception, whereas the inconsistent lighting did not-specifically, the lateral lighting in Experiment 2 and the lighting opposite to that of shading in Experiment 3. This agreement with the perception of glossiness suggests that the congruence may also be crucial in the perception of depth. Another study has reported that the reflectance of the surrounding environment on a specular object, specifically the distortion, is a crucial cue for the perception of shape (Fleming, Torralba, & Adelson, 2004) . We could predict from their results that the spatial congruence of highlights and shading is more crucial if a surface is more specular. With more specular highlights in Experiment 3, the inconsistent highlights did not evoke facilitation, in contrast to the less-specular highlights used in Experiment 2. This result is consistent with the effects of specular reflectance in the perception of shape. As noted in the previous sections, an investigation on the link between the surface appearance and the searching time would be expected to further advance the understanding of highlight processing.
Conclusion
We investigated whether specular highlights facilitate the perception of shape from shading in a searching paradigm, and how highlights interact with shading to facilitate this perception. We utilized the light-direction dependence of searching time as an indication of shading processing, in which top lights yield shorter searching times than lateral lights. Our psychophysical experiments showed light-direction dependence with less searching time for the combination of shading and highlights, suggesting that specular highlights work so as to facilitate shading processing. To examine further how the highlight processing works with shading processing, we tested unnatural stimuli whose lighting directions for shading and highlights were inconsistent. The results did not show an increase in searching time, suggesting that inconsistent highlights do not suppress shading processing. Additional experiments showed the same results for the imaged-based highlights.
Finally, to confirm whether the highlights work to facilitate or suppress the perception in the discrimination of depth rather than searching, we conducted a depth discrimination experiment using random surfaces. The results showed facilitation in the discrimination when highlights are added to shading. These results indicated that specular highlights work to facilitate shading processing and do not suppress it, even when the light sources are inconsistent between highlights and shading. The results also elucidated the lighting constraints of the visual system.
